Abstract. The real contact arc length in grinding is one of the most important indicators in investigating of the material removal mechanism for precision machining. It is generally affected by a combination of plastic and thermal deformations in the machining process. This paper will provide a systematic investigation of the contact arc length in the cylindrical grinding of titanium alloy Ti-6Al-4V. A series of single grit experiments and grinding temperature measurements, together with FEM simulation, will be utilized to determine the real contact arc length. The contact behavior between a grinding wheel and the workpiece was investigated by the contact time in the workpice surface temperature curves. It was found that in FEM simulation, the real contact length was about 2 times of the geometric length. With the experimental results of the different grinding parameters, the real contact lengths calculated by temperature curves were about 1.5 -2 times of the geometric length.
Introduction
The grinding contact length and the undeformed chip thickness are two of the most important geometric parameters in describing the mechanics of grinding. In surface grinding, the contact arc between the grinding wheel and workpiece can be distinguished into three stages: rubbing, ploughing and cutting. If both grinding wheel and the workpiece were considered as rigid bodies, the real contact length would be the value of the geometry contact length, which is defined as: (1 ) w g p e s v l a d v (1) where l g is the geometry contact length, v w is the workpiece velocity, v s is the wheel speed, a p is the grinding depth, d e is equivalent diameter of the grinding wheel, equal to
s is the diameter of the grinding wheel and d w is the diameter of the workpiece. The difference between the real contact length l r and the geometrical contact length l g is a result of the deformation of the grinding wheel and the workpiece under the effect of the abrasive grain size, wheel hardness and workpiece material etc. If the real contact length is much different from the geometry one, the assumption of the geometry contact length replacing the geometry contact length will cause a significant error. The workpiece and wheel deflection can produce a considerable change in the real length of the contact zone by as much as 100% increase of the geometrical contact length, and Rowe et al. [1] proposed the calculation formula of the actual arc length as shown in Eq.2, in which the deformation of the contact area caused by the normal force was added. Another approach to obtain traces of grains left on the surface of the workpiece by sudden interruption of the grinding process, including quick-stop test [6] , the two-half-slot method [7] . And the APS system [8] was applied to the contact length study. The measured results showed that the real contact length in grinding is longer than the geometric contact length. The above described literature all focused on the surface grinding, and the precise estimation of contact length in the cylindrical grinding is not mentioned. In cylindrical grinding, the contact arc between the grinding wheel and workpiece can be distinguished into five stages which may correspond to the action of an active grain through the contact area, rubbing, ploughing, cutting, ploughing, and rubbing [9] . The contact area in cylindrical grinding is different from that of the surface grinding. The objective of this paper is to study the contact length in the cylindrical grinding.
The Contact Length in Single Abrasive Grain Grinding Simulation
The simulation of cylindrical grinding with single abrasive grain (CBN) on the titanium alloy workpiece (Ti-6Al-4V) was studied by using FEM software DEFROM-3D [10] . The height of the grain is 0.12mm with a top cone angle 106°. The diameter of the grinding wheel is 400mm and the diameter of the workpiece is Ø20m. The simulation process was solved by using the Newton-Raphson method with the step increment 1×10 external environment 1N/s/mm/C. As shown in Figure. 1, the actual grinding length is mainly composed of five stages. After the rubbing and ploughing for almost half of the real contact length, the abrasive grains will start to cut the workpiece. The actual real contact length of the different grinding parameters obtained by FEM was shown in TABLE 1. The geometric contact length is 0.57mm by the Eq.1. The real length is about 2 times that of the geometry. 
The Real Contact Length with the Single Abrasive Grain
The grinding experiment with the single abrasive grain (CBN) was carried out on a high-speed grinding machine MS1310A. The diameter of the grinding wheel substrate installed with the single abrasive grain is 400mm, the workpiece diameter is 80mm, the grinding depth is 5μm, the wheel speed is 90m/s, the workpiece velocity is 0.1m/s and the geometric contact length will be 0.58mm. The surface of the workpiece (Ti-6Al-4V) grinded by the single abrasive grain was obtained by Hirox video microscopy KH-7700, as show in Figure. 2. The length of the ploughig and the cutting stages can be measured directly from the surface of the workpiece after grinding, but it is difficult to define the starting and ending point of the two rubbing stages (in and out). In Figure. 2, the ploughing and the rubbing were obvious and the real contact length is 0.89mm in the morphology of the grinding mark and l r /l g in this experiment is 1.53. Figure. 2 The morphology of the grinding mark
The Real Contact Length Deduced by Grinding Temperature Curves
Temperature measurement experiments of the cylindrical grinding were carried out on the high speed grinding machine MGKS1332/H, as shown in Figure. 3 . A vitrified CBN grinding wheels (14Al400×32×76×5×22 B91V175, WINTER) with 400mm in diameter and 22mm in width was used for the cylindrical grinding. To obtain the workpiece temperature, the embedded method with a K-type thermocouple was used. Both of the wires of the thermocouple were flatted from 100ȝm to 35ȝm. In the calibration conditions used, the sensor is fast enough to measure the surface temperature. The hot junction of the thermocouple was formed at the workpiece surface while grinding. A high frequency acquisition system allows the signal to be measured at the abrasive grain scale so that the activity of grains and the contact stability between the thermocouple and the wheels during grinding can be studied. The maximum sampling rate of grinding temperature used was 100KHZ. It is difficult to distinguish the entrance and exit of the real contact length in the temperature curve of low sampling rate, but temperature sparks appeared by the abrasive grains in the contact area of the grinding wheel and the workpiece can be measured in high sampling rate. With the increase of the sampling rate, the action of the abrasive grain on the workpiece is reflected better by the change of the grinding temperature. With the wheel speed 60m/s, the workpiece velocity 0.1m/s and the grinding depth 5ȝm/r, the temperature curve measured by the thermocouple sensor with the sampling rate 30 KHZ was shown in Figure. 4. The actual wheel/thermocouple contact time t r was measured on the experimental temperature curve from the first temperature peak to the last one by the active grains. The temperature sparks appeared in the time interval t r , which was also indicated that the contact time of the grinding wheel and the workpiece in this period.
The real contact length l r can be calculated by, 
Results and Discussions
The grinding temperatures of different grinding parameters were tested and the real contact length was calculated, as shown in Table 2 . Though with the same grinding parameters, the real contact length will be different from vary experiments. The actual grinding arc length is the average value of the 15-20 experiments results in the same grinding process parameters. There was large difference between the real contact length and the geometry length. Therefore, there is a great error if the real contact length is replaced by the geometric contact length. Therefore, there is a great error if the real contact length is replaced by the geometric contact length. Experimental results of the temperature measurement showed an excellent fit with the results of the previous FEM simulation and the single grain experiment.
By the comparison of the real and the geometry contact length, the contact length ratio l r /l g was not a constant. As shown in Figure. 5(a) , the contact length ratio decreased with the increase of the grinding wheel speed, and the reason is that the grinding force decreased with the increase of the grinding wheel speed. And with the increase of the workpiece speed and the material removal rate, the normal grinding force was increased which lead to the increase of the real contact length and the contact length, as shown in Figure. 5(b) . With the increase of the grinding depth, the contact length ratio decreased, as shown in Figure. 
Conclusion
The experiments for calculating the real contact length of the cylindrical grinding by the surface temperature curve of the workpiece was constructed. The results shows that the DOI: 10.1051/ 05023 (2016) , matecconf/2016 MATEC Web of Conferences 6 contact time between the wheel and the workpiece in the grinding contact area can be effectively calculated based on the thermal sparks of the surface temperature curve of the workpiece. Through the experimental statistics, it is found that the real contact length is 1.5-2 times of the results of the traditional geometric calculation. These results were proved by the real contact length in the FEM simulation and the single grain experiment. The important influence of plastic deformation and thermal deformation on real contact area in cylindrical grinding is demonstrated, which provides the basis for the calculation of temperature distribution in the grinding zone.
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